Root temperature is found to be a very important factor for leaves to alter the response and susceptibility to chilling stress. Severe visible damage was observed in the most active leaves of seedlings of a japonica rice (Oryza sativa cv. Akitakomachi), e.g. the third leaf at the third-leaf stage, after the treatment where only leaves but not roots were chilled (L/H). On the other hand, no visible damage was observed after the treatment where both leaves and roots were chilled simultaneously (L/L). The chilling injury induced by L/H, a novel type of chilling injury, required the light either during or after the chilling in order to develop the visible symptoms such as leaf bleaching and tissue necrosis. Chlorophyll fluorescence parameters measured after various lengths of chilling treatments showed that significant changes were induced before the visible injury. The effective quantum yield and photochemical quenching of PSII dropped dramatically within 24 h in both the presence and absence of a 12 h light period. The maximal quantum yield and non-photochemical quenching of PSII decreased significantly only in the presence of light. On the other hand, L/H chilling did not affect the function of PSI, but caused a significant decrease in the electron availability for PSI. These results suggest that the leaf chilling with high root temperature destroys some component between PSII and PSI without the aid of light, which causes the over-reduction of PSII in the light, and thereby the visible injury is induced only in the light.
Introduction
Crop cultivation often faces chilling damage even in moderate climate areas of temperate zones. Although many efforts have been made to develop chilling-resistant cultivars, it is still a big problem for the cultivation of rice, a crop of tropical origin, unpredictable cold snaps causing an average annual yield reduction of 5-10% and occasionally 20-40% (Oliver et al. 2005) . The chance of chilling damage is not negligible for the leaves of rice seedlings even in warmer regions where cold-induced pollen sterility has not been observed.
Owing to the high specific heat capacity of the soil, transient root chills are far less common in the field than transient leaf chills (Allen and Ort 2001) , still less in the environments covered with water such as in rice paddies. It should be possible in an extreme case for a cold snap to chill leaves without any roots being chilled. Thus, the temperature balance between leaves and roots should be a key characteristics of cold snaps, and must show a wide variation in natural chills, although relatively little attention has been paid to the effect of root temperature on the chilling response of plant leaves (Huang et al. 1989 , Zhou et al. 2007 .
From this point of view, we decided to evaluate the effect of root temperature on the chilling response of leaves of rice seedlings in growth chambers, and found severe irreversible damage in the leaves after they had been chilled for a few days at around 108C only when the roots were not chilled, a novel type of chilling injury, in the seedlings of a japonica rice cultivar Akitakomachi. No such chilling damage was expected as this had not been shown in other studies of such short-term chilling treatments under ordinary experimental conditions in japonica rice cultivars (e.g. Sato et al. 2001) , which are thought to be more tolerant to chilling stress than indica cultivars. On the contrary, it has been reported that warming roots during the night chill reduced the loss of photosynthetic capacity in rice cultivars in semi-field conditions in South-East China (Huang et al. 1989 ).
Here we report the characteristics of this high root temperature (HRT)-induced chilling injury, focusing on the relationships to the changes in photosynthetic electron transport and water supply.
Results

Visible chilling injury induced by high root temperature
Chilling at 108C resulted in a severe visible injury in the seedling leaves of a japonica rice cultivar Akitakomachi only when the root temperature was kept at around 258C (L/H treatment). This HRT-induced chilling injury was observed only in the most active leaf of a seedling, e.g. in the third leaf of a third-leaf stage seedling (Fig. 1A, right) . As the first visible symptom of HRT-induced chilling injury, the bleached patches were observed in the third leaves by the third light period during the L/H treatment (Fig. 1F) . A prolonged chilling period resulted in increased and larger patches (Fig. 1D) . The patches necrosed and dried up during the recovery period, or in normal growth conditions after the chilling treatments, and then often spread to the whole leaf area within the next couple of days (Fig. 1A, B) . Thus, the recovery period was not essential for the occurrence of leaf bleaching, although it induced similar visible Chilling injury induced by high root temperature damage even after 1 d of chilling that caused no visible damage during the L/H treatment (data not shown). On the other hand, no visible injury was observed during dark chilling at least for a week. However, even after 1 or 2 d of dark chilling, visible injury was induced by subsequent transfer to the light/dark cycle at 20-258C (data not shown). Thus, the HRT-induced chilling injury does not require light during the chilling treatment, although it was accelerated and enhanced by the light. The optimal light intensity to observe the strongest visible injury was 600-750 mmol photons m À2 s À1 during the light period of chilling treatment (data not shown). At stronger light intensities, the enhancement was rather diminished, most probably because of the increased leaf temperature by the heat radiating from the lamps put closer to the leaves. Thus the light-dependent process of the HRT-induced chilling injury does not have to be during the chilling period, and the primary and most critical event of this chilling injury seems to be a lightindependent reaction, although the visible injury was also enhanced by a short pre-illumination for approximately 1.5 h immediately before chilling (data no shown). On the other hand, no visible injury was observed after the roots and leaves were chilled simultaneously at 108C for 2 d (L/L treatment; Fig. 1A , C, G), or even after 1 week chilling in any of the light conditions described above (Fig. 1E ).
Chl fluorescence after the chilling treatments
Although the primary event of HRT-induced chilling injury does not seem to require light during the chilling treatment, big changes were observed in Chl fluorescence parameters before the visible injury was observed. Figs 2 and 3 compare the effect of chilling length on the Chl fluorescent parameters of the third leaves measured by pulse amplitude modulation (PAM) after the chilling treatments followed by 1 h of dark recovery at 258C.
In the chilling experiments with the light/dark cycle (12 h/12 h), in both L/L and L/H, the first big change was a rapid decrease in ÁF/F m 0 . It decreased quickly only when the seedlings were removed from the chilling condition for the measurements within the first half of the first and second light period in L/L, and recovered within several hours after the chilling. On the other hand, in L/H, ÁF/F m 0 not only decreased more rapidly but also kept decreasing even in the dark period, to reach an almost undetectable level within the first half of the second light period (Fig. 2B) . Thus, it can be said that the HRT-dependent change in ÁF/F m 0 was light independent. This characteristics was more evident in the dark chilling experiments. ÁF/F m 0 decreased only in L/H (Fig. 2E ), although no change was detected in any of the fluorescence parameters within the first 8 h of the dark chilling (Figs 2, 3) .
F v /F m also decreased soon after the chilling treatment began in a similar manner to ÁF/F m 0 , but the decrease was observed only during the first half of the light period even in L/H, although the magnitude of the F v /F m decrease was much larger in L/H ( Fig. 2A) . F v /F m did not change significantly in either L/L and L/H in the dark chilling experiments (Fig. 2D) . A large decrease in photochemical quenching (q P ) was observed only in L/H, which is also light independent. q P decreased from the middle of the first light period to the end of the first dark period only in L/H in the experiments with a light/dark cycle (Fig. 2C ). In the dark chilling experiments, the decrease in q P was observed only in L/H, with almost an identical pattern to that in ÁF/F m 0 (Fig. 2F ). Non-photochemical quenching (NPQ), which has often been used as an indicator of thermal dissipation (DemmigAdams and Adams 1996), decreased just as in q P after a longer delay accompanied by a small increase, the extent of which was intermediate between ÁF v /F m 0 and q P (Fig. 3A) , in the light/dark chilling experiments. In the dark chilling experiments, however, the decrease was much smaller and was recovered in the second light period (Fig. 3D ), although the decrease was light independent in L/H in the light/dark chilling experiments (Fig. 3A) . On the other hand, another indicator of thermal dissipation, 1 - Demmig-Adams and Adams, 1996) , increased only during the light period and was higher in L/H (Fig. 3B ). The change in 1 -F v 0 /F m 0 was not significant in the dark chilling experiments (Fig. 3E) .
'Excess' (E), a parameter reflecting the excess light energy that is not used for photosynthetic electron transport or non-photochemical dissipation (Kato et al. 2003) , also showed a big change only in L/H (Fig. 3C, F ). E did not change at least in the first half of the first light period, but increased before the second light period, and decreased soon after the second light period began, suggesting that the critical point in L/H was before the second light period and that the following drop of E was related to the lightdependent reactions leading to the 'visible' damage. The drop was not observed in the dark chilling experiments, and E showed just a mirror image of q P during the dark chilling (Fig. 3F) . However, even after the dark chilling experiments, the visible damage was observed a few days after a chilling period longer than 24 h that was long enough to observe the maximal value of E (data not shown). Thus, E may be a convenient parameter to determine when the HRT-induced chilling injury became irreversible in the light-chilling experiments, although it does not seem to be useful for quantitative purposes especially under stress conditions as it does not always reflect the rate constant of photoinactivation in PSII (Hendrickson et al. 2005 ).
As we compared the parameters after 15 min of photosynthesis even after dark chilling treatments, there was a possibility that the large changes in these parameters in L/H were caused only by the 15 min illumination. The time Chilling injury induced by high root temperaturecourse during photosynthesis right after 1 h dark recovery after 1 d dark chilling showed that ÁF/F m 0 and q P were equilibrated within 3 min (Fig. 4) , suggesting that the differences observed between L/L and L/H experiments after 15 min of photosynthesis were considered to reflect the difference before the illumination. Although NPQ was also equilibrated very quickly in L/L in the dark chilling experiment, it increased very slowly in L/H, resulting in only a small difference after 15 min of photosynthesis, and thus the effect of the L/H dark chilling on NPQ seems to be underestimated in Fig. 3D , and the induction process of NPQ was inhibited after dark chilling in L/H. . At different times of chilling or recovery periods, the seedlings were transferred to 258C and kept in the dark for 1 h to measure F o , F m and F v , and then exposed to 15 min illumination at 500 mmol photons m À2 s À1 , at the end of which ÁF, F, F m 0 and F o 0 were measured. Open symbols indicate the whole seedlings chilled simultaneously including the roots (L/L); filled symbols indicate that the leaves were chilled but the roots were kept at 258C (L/H). Values are means (AESE) of three separate experiments.
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Chilling injury induced by high root temperature P700 analysis after chilling treatments As the primary event of HRT-induced chilling injury is likely to be at the acceptor side of PSII, we assessed the status of P700 to help identify the event. The P700 level in L/H was not lower than that in L/L at least during the chilling period (Fig. 5A ). On the other hand, the relative oxidation level of P700 under actinic light (ÁA AL /ÁA max ), a parameter for the donor side limitation, increased in both L/L and L/H (Fig. 5B) . It increased only in the light period in L/L, although it increased irrespective of the light or dark periods in L/H to attain 490% oxidation of P700 (Fig. 5B) . These changes indicate that the severe donor limitation started from an earlier period of the L/H treatment, and in the second light period of the L/L treatment Chilling injury induced by high root temperatureto a lesser extent. These results suggest that the primary event of HRT-induced chilling injury blocks the electron supply at the donor side of PSI.
Effect on water content
Chilling stress has often been discussed together with drought stress (Allen and Ort 2001) . Chilling also resulted in a water deficit in the rice seedlings when the leaves and roots were chilled simultaneously, as both the bleeding rate (Fig. 6 ) and the water content (Fig. 7) of seedlings decreased significantly in L/L. The increase in the bleeding rate after chilling also suggests the acclimation to the water deficit caused by root chilling. However, the bleeding rate and water content did not change significantly in L/H, and the water content was in fact higher than that of the control in the non-chilling condition (Fig. 7) . These results suggest that the water deficit occurred only when the leaves and roots were chilled simultaneously, whereas no irreversible damage was detected, and the HRT-induced chilling injury was not related to the water deficit.
Discussion
We found a novel type of chilling injury of leaves induced by HRT, i.e. HRT-induced chilling injury. Severe visible damage such as decolorization and leaf death was observed in the leaves of rice seedlings after 1 or 2 d of chilling treatment at around 108C, only when the roots were not chilled and kept at around 258C throughout the chilling treatments (Fig. 1) . This finding indicates that the root temperature is a very important factor for leaves to alter their response and susceptibility to chilling stress.
Effect of chilling on photosynthesis
Chilling injury is a physiological dysfunction observed in many plants of tropical and subtropical origin when they Chilling injury induced by high root temperature are exposed to low, but non-freezing temperatures below about 10-128C (Lyons 1973, Allen and Ort 2001) . This has often been attributed to the selective photoinhibition of either PSII or PSI (e.g. Terashima et al. 1994 , Sonoike 1996 , although its biochemical basis has not been established yet. PSII is thought to be the most sensitive to stresses under high light conditions, but can fully recover within several hours after the chilling (Aro et al. 1993 , Nishiyama et al. 2006 ). On the other hand, photoinhibition of PSI is thought to be more likely to be responsible for chilling injury of leaves in the light, based on the temperature dependence and irreversible damage, although PSI is thought to be much more stable (Kudoh and Sonoike 2002) . The visible damage of HRT-induced chilling injury was preceded by large changes in the function of photosynthetic electron transport. However, the reaction centers of both PSII and PSI were unlikely to be the primary target of HRT-induced chilling injury. The primary event must be related to the changes in Chl fluorescence parameters observed after the dark chilling, as the visible symptoms were observed even after dark chilling, and the changes observed only after the light/dark chilling may reflect the secondary events leading to the visible symptoms. In addition, the inhibition of PSII by dark chilling has also been reported (Allen and Ort 2001, Higuchi et al. 2003) .
The large decrease in ÁF/F m 0 (Fig. 2E ) and q P (Fig. 2F) , and the large increase in E (Fig. 3F) were observed concurrently after 1 d dark chilling only in the L/H conditions, in spite of no significant changes in F v /F m (Fig. 2D) , NPQ (Fig. 3D ) and 1 -F v 0 /F m 0 (Fig. 3E ). These changes were followed only by the induction of visible injury that requires 1 d of L/H treatment, and the concurrent decreases in ÁF/F m 0 and q P suggest that the primary event of the HRT-induced chilling injury is to block the electron transport from PSII to PSI, taking account of P700 that was fully oxidized during photosynthesis after 1 d of chilling treatment (Fig. 5B) , although the P700 content did not decrease throughout the chilling treatments (Fig. 5A) . The insensitivity of F v /F m to dark chilling (Fig. 2D) also indicates that the function of PSII was not directly affected by chilling alone, suggesting that the inhibition of PSII by the light/dark chilling observed in this study is caused only by the photoinhibition (Sonoike 1996 . Nishiyama et al. 2006 , Grennan and Ort 2007 . Equally, the insensitivity also excludes the changes in the membranes (e.g. Balandra´n-Quintana et al. 2003 ) from the candidates for the primary target of chilling injury in the leaves of rice seedlings.
The light-dependent decrease in F v /F m indicated that the photoinhibition of PSII proceeded in the chilling leaves of rice seedlings during the light period in both L/L and L/H ( Fig. 2A, D) . Especially in the L/L experiments, chilling inhibition of photosynthesis is mostly attributable to the photoinhibition of PSII, as ÁF/F m 0 decreased only in the presence of light (Fig. 2B, E) , q P did not decrease significantly (Fig. 2C, D) , and most changes observed during L/L were recovered after the chilling (Figs 2, 3 ). In the L/H experiments, on the other hand, ÁF/F m 0 and q P decreased in the chilled leaves independently of light (Fig. 2B, C, E, F Fig. 6 Effect of chilling treatments on the bleeding rate from rice seedlings after the third leaf was removed. In treatment 'C', the bleeding sap was collected at 258C from the seedlings of the thirdleaf stage without any chilling treatment. The rate of bleeding was 8.2 AE 2.4 mg h À1 seedling
À1
. In 'L/L', the bleeding sap was collected at 108C after L/L treatment where both leaves and roots were treated at 108C for 2 d. In 'L/L þ 3 h C', the bleeding sap was collected at 258C, 3 h after L/L treatment. In 'L/H', the bleeding sap was collected at 108C after L/H treatment where leaves were treated at 108C for 2 d but roots were kept at 258C during the whole treatment. In 'L/H þ 3 h C', the bleeding sap was collected at 258C, 3 h after L/H treatment. The values are means AESE of three separate experiments with duplicate measurements. Time after transfer to 10°C (h) Fig. 7 Changes in the water contents of rice seedlings of a japonica rice cultivar Akitakomachi after chilling periods of different lengths with the light/dark cycle (12 h/12 h), when the roots were chilled simultaneously (L/L) or kept at 258C (L/H) during the chilling treatments. Other details are the same as described in Fig. 2 .
Chilling injury induced by high root temperature 439 that in q P within the first light period is responsible only for the photoinhibition of PSII, taking account of the concurrent decrease of ÁF/F m 0 and q P that require 1 d of dark chilling. This indicates that, after subtracting the lightindependent change, the photoinhibition of PSII by chilling is not affected significantly by the root temperature within the first light period. However, a large HRT-dependent decrease was observed in F v /F m at the beginning of the second light period, suggesting severe damage to PSII caused by the HRT chilling. Thus, the photodamage of PSII is not the primary cause of the HRT-induced chilling injury, but a secondary event caused by the over-reduction of PSII that might trigger the visible injury under light.
Possible cause of the visible symptoms
As mentioned above, the primary cause of the HRTinduced chilling injury seems to be damage in the intersystem that blocks electron transfer from PSII to PSI, that leads to the subsequent over-reduction of PSII, a possible trigger for the visible injury, only in the light. Although the over-reduction of PSII seems harmful enough to induce the disintegration of the Mn cluster (Higuchi et al. 2003 ) and the production of reactive oxygen species (Anderson et al. 1998 , Hideg et al. 1998 , Nishiyama et al. 2006 , Murata et al. 2007 , it is unlikely that the visible symptoms were caused only by the degradation of the PSII complex. Both PSII and PSI complexes must be destroyed, as the first visible symptom was the bleaching of leaves in which Chl was almost lost. The degradation of the whole thylakoid membrane system might be induced by the reactive oxygen species accumulated during the long time lag of !1 d after the electron transport was blocked by the L/H treatment, and/or during the recovery period after the treatment, although the involvement of other disorders, such as the malfunction of thermal dissipation suggested by the decrease in NPQ (Fig. 3A) , is still not excluded.
Chilling injury and water supply from the roots
Chilling injury has often been discussed in relation to water deficit partly because the root hydraulic conductance declines drastically when the roots are chilled (Lyons 1973 , Aroca et al. 2005 , Lee et al. 2005 , Zhou et al. 2007 ). However, in our study, no visible chilling injury was found when the roots were chilled simultaneously with leaves ( Fig. 1) , although the water content and water-absorbing activity was very low (Figs 6, 7) . In contrast, the visible injury was observed only when the roots were kept at 258C, where the water content of the seedlings was higher and the waterabsorbing activity was almost the same as that of the seedlings without chilling treatments (Figs 6, 7) . It is therefore very likely that water deficit saves the rice seedlings from the visible (irreversible) damage caused by a short chilling. Moreover, the seedlings seem to adapt to the water deficit during the L/L treatment, as the water-absorbing activity increased just after transfer to normal growth conditions (Fig. 6) , probably by the induction and/or up-regulation of aquaporins (or water channels proteins) as proposed in maize (Aroca et al. 2005) to satisfy the minimal water requirement.
On the other hand, no significant change was observed in the water content and water-absorbing activity before, during and after the L/H treatments, suggesting that the excessive supply of water or some nutrient(s) from the roots to leaves is responsible for the primary event of the HRT-induced chilling injury to block, whether directly or indirectly, the electron transport from PSII to PSI.
Further studies are ongoing to identify the primary target of HRT-induced chilling injury and the responsible substance(s) from the roots, to help define the mechanism of HRT-induced chilling injury. It is also necessary to investigate whether the HRT-induced chilling injury and the accompanying symptoms can be observed in other plant species. In addition, this kind of chilling injury is expected even in field conditions. Similar visible symptoms have occasionally been observed in the leaves of rice seedlings in rice paddies located in the areas where the seedlings are often chilled. Some of them, at least, are suspected to be the symptoms of HRT-induced chilling injury, as the temperature of roots is supposed to be significantly higher than that of the chilled leaves in such situations.
Materials and Methods
Plant materials and growth conditions
Rice (Oryza sativa cv. Akitakomachi) seeds germinated for 3 d in tap water in the dark were put on to the small pieces of mesh in the pores ($8 mm diameter) across the expanded polystyrene cap of a 500 ml plastic pot filled with the nutrient solution in a controlled-environment growth chamber (PGR15, Conviron, Winnipeg, Canada) with day/night (12 h/12 h) temperatures of 258C/208C, 75% relative humidity. The composition of the nutrient solution was the same as that described in Sakurai et al. (2005) except that the pH was adjusted to 5.5-6.0. The seeds in the pot were shaded for the first 3 d by a sheet of aluminum foil. The light was provided by 16 fluorescent lamps (F72T12/CW/VHO, 160 W, Sylvania, Danvers, MA, USA) and 12 incandescent bulbs (A21, 100 W, Sylvania), with a light intensity of approximately 500 mmol photons m À2 s À1 at the leaf level unless otherwise specified. The seedlings on the expanded polystyrene cap were transferred to a pot containing new nutrient solution at least once every 3 d.
Chilling treatment of plants
Ten-day-old seedlings were used for the chilling treatments. The seedlings were transferred to a pot containing the fresh nutrient solution equilibrated either at 108C (L/L) or at 258C (L/H) in a chamber (PGR15) with day/night (12 h/12 h) temperatures of 108C/108C, 85% relative humidity, with 650 mmol photons m À2 s
À1
, unless otherwise specified. The seedlings were treated in two ways: L/L, both leaves and roots were treated at 108C; L/H,
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Chilling injury induced by high root temperature the leaves were treated at 108C and the roots were treated at 258C, throughout the day/night period. The seedlings and L/L pots were cooled with small fans (0.5-1.0 m s
À1
) to minimize the temperature increase by radiation from the light source.
Analyses of photosynthetic parameters
Before measurements of Chl fluorescence and P700 absorbance, chilled plants were allowed to recover for about 1 h at 258C in the dark. Therefore, the results reported here are concerned with photosynthesis 'following a chilling treatment'. Control measurements were made with seedlings that were not transferred to the chilled growth chamber immediately before the onset of chilling treatments as shown in the figures. The seedlings treated in the chilled chamber were transferred to a 20 ml flask containing the appropriate volume of fresh hydroponic solution equilibrated at 258C and kept in a dark place at 258C for 30 min, and then the third leaf was attached to the joint end of branched fiberoptic cables (101-F5, Walz, Effeltrich, Germany) to measure Chl fluorescence or P700 absorbance. Chl fluorescence was measured with a PAM fluorometer (PAM 101, 102 and 103, Walz) as described previously (Suzuki and Onodera 2005) . Two of the branched ends of the fiberoptic cables were connected with a 100ED (Walz) controlled with PAM 101 to supply a measuring beam and to detect the modulated fluorescence; the third branch was connected with a KL1500LCD light source (Schott, Mainz, Germany) to supply actinic light; the fourth branch was connected with another light source (KL1500LCD) controlled with PAM 103 to supply a saturation pulse; and the fifth branch was connected with 101FR (Walz) controlled with PAM 102 to supply far-red light. The fluorescence nomenclature follows Van Kooten and Snel (1990) . Chl fluorescence of the third leaf in the dark was monitored for approximately 30 min at 258C with a 800 ms pulse of saturating light, and the maximum quantum yield of PSII (F v /F m ) was determined after the fluorescence had reached a steady level. After determination of F v /F m , the actinic light (500 mmol photons m À2 s
À1
) was supplied for 15 min, and F m 0 , F and F o 0 were determined to calculate other Chl fluorescence parameters. At the end of the light period, far-red light (13.6 W m
À2
) was supplemented for a few seconds to facilitate the reoxidation of Q A . The effective quantum efficiency of PSII was defined as 1 -F/F m 0 or ÁF/F m 0 as proposed by Genty et al. (1989) . q P was calculated as (F m 0 -F)/ (F m 0 -F o 0 ) according to Oxborough and Baker (1997) . NPQ was calculated as F m /F m 0 -1 according to Bilger and Bjo¨rkman (1994) . E was calculated as (1 -q P )F v 0 /F m 0 according to Kato et al. (2003) . For the P700 (ÁA) measurements, the absorbance change at 820 nm was monitored in vivo with the same PAM Chl fluorometer, but 100ED was replaced with ED-P700DW-E (Walz) and the compensation unit ED-P700DW-T (Walz), and the light source for saturation pulses (KL1500LCD) was replaced with a xenon discharge lamp (XF-103, Walz) controlled by XMT-103 (Walz) for the multiple turnover flashes (50 ms) as described by Klughammer and Schreiber (1994) . The maximal content of P700 þ (ÁA max ) was determined by the absorbance change induced by a multi-turnover saturating flash (50 ms, 1,500 W m À2 ) using a xenon discharge lamp under far-red light (13.6 W m
). The steady-state level of P700 þ (ÁA L ) were determine approximately 5-10 min after turning on the actinic light (500 mmol m À2 s
À1
).
Bleeding sap volume
The third leaf was removed from the seedlings and the cut end of the stalk was covered with a cotton cap and sealed with parafilm to avoid evaporation. The bleeding sap was collected for 3 h into the cotton cap, and the volume was calculated from the increase in the weight (Sakurai et al. 2005 ).
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